A toxigenic non-O1/non-O139 strain of Vibrio cholerae (10259) was found to contain a new variant of the toxin-coregulated pilus (TCP) protein gene (tcpA) as determined by PCR and Southern hybridization experiments. Nucleotide sequence analysis data of the new tcpA gene in strain 10259 (O53) showed it to be about 74 and 72% identical to those of O1 classical and El Tor biotype strains, respectively. The predicted amino acid sequence of the 10259 TcpA protein shared about 81 and 78% identity with the corresponding sequences of classical and El Tor TcpA strains, respectively. An antiserum raised against the TCP of a classical strain, O395, although it recognized the TcpA protein of strain 10259 in an immunoblotting experiment, exhibited considerably less protection against 10259 challenge compared to that observed against the parent strain. Incidentally, the tcpA sequences of two other toxigenic non-O1/non-O139 strains (V2 and S7, both belonging to the serogroup O37) were determined to be almost identical to that of classical tcpA. Further, tcpA of another toxigenic non-O1/non-O139 strain V315-1 (O nontypeable) was closely related to that of El Tor tcpA. Analysis of these results with those already available in the literature suggests that there are at least four major variants of the tcpA gene in V. cholerae which probably evolved in parallel from a common ancestral gene. Existence of highly conserved as well as hypervariable regions within the sequence of the TcpA protein would also predict that such evolution is under the control of considerable selection pressure.
In order to establish infection, Vibrio cholerae must enter into the host by the oral route and reach the gut where it colonizes through intestinal attachment (adhesion) and a subsequent multiplication process. Intestinal colonization is believed to be mediated by colonization factors expressed by vibrios, the best characterized of which is the toxin-coregulated pilus (TCP) (27) . Expression of TCP and cholera toxin (CT) is coordinately regulated by the toxR regulon. The TCP is composed of a major 20-kDa subunit protein called TcpA, the amino acid sequence of which shows homology with type 4 pilus proteins expressed by other pathogenic microorganisms (23) . A considerable difference in the epitope or antigenic structure of TcpA between classical and El Tor biotype strains of V. cholerae O1 has been well documented (7) , despite the fact that the amino acid sequence of TcpA from an El Tor strain shows extensive homology (about 82%) with that of a classical biotype strain (6, 20) . Further, the optimum cultural condition for TCP or TcpA expression has been found to be somewhat different for classical and El Tor biotype strains (8, 27, 28) . The molecular mechanism of TCP biosynthesis probably involves many of the genes present in the tcp gene cluster (11, 18) , another unlinked gene, tcpG (19) , and the toxR regulon. The gene cluster encoding TCP, an accessory colonization factor, the virulence gene regulator ToxT, and certain other genes are located within the V. cholerae pathogenicity island (VPI) commonly associated with the epidemic strains of V. cholerae (9) as a result of VPI⌽ acquisition (10) .
Epidemic-causing strains of V. cholerae O139 possess the tcpA gene (5) with sequences identical to those of El Tor biotype strains (20) . Until recently, non-O1/non-O139 strains have been shown to lack the tcpA gene (26) , although the majority of these contain toxR sequences and some, at least, also possess genes for CT (ctxAB) (15) . Recent studies (4, 21) , however, have demonstrated the presence of the tcpA gene in certain non-O1/non-O139 V. cholerae strains. These observations assume considerable significance in view of the fact that TCP acts as a receptor for filamentous bacteriophage (designated CTX ) carrying the CTX genetic element (29) .
In the present study, we have investigated the tcpA gene of certain strains of non-O1/non-O139 V. cholerae with a probe to determine its relatedness to tcpA of classical and El Tor biotype strains. In the process, we have identified and characterized a new variant of TcpA in a toxigenic non-O1/non-O139 strain.
V. cholerae strains used in this study are listed in Table 1 . Strain S7, belonging to serogroup O37, was kindly provided to us by Elisabeth Bik. A multiplex PCR assay was used for the detection of tcpA (classical and El Tor biotype) and ctxA of V. cholerae strains using three primer pairs (sense and antisense) designed by Keasler and Hall (12) . Briefly, all three primer pairs were added to the PCR mixture of a given strain for the simultaneous generation of amplified products of its tcpA (either of classical or El Tor biotype) and/or ctxA. Identification of amplified products was based on the determination of their sizes following electrophoresis in an agarose gel (12) . A tcpA gene probe of 2 kb was prepared from the plasmid pSC18.1 (2) by digestion with HindIII. The probe contained the entire tcpA gene (classical) along with its upstream (1-kb) and downstream (0.4-kb) flanking regions (23) . Figure 1 shows Southern hybridization band patterns of PstIdigested chromosomal DNA preparations of tcpA probe positive non-O1/non-O139 V. cholerae strains. Similar data generated with O1 and O139 strains are included in the figure for comparison. While strains V2 and S7 (both belonging to the same serogroup, O37) gave patterns similar to that of the classical strain (O395), strain V315-1 (ONT) showed a pattern identical to those of the El Tor (AD48) and O139 (SG25) strains (Fig. 1A) . The other non-O1/non-O139 strain, 10259 (O53), produced only a single band of about 2.2 kb under similar experimental conditions, although an additional band of about 300 bp could be detected when the PstI-digested material was electrophoresed for a shorter period and the blot developed under less stringent conditions (Fig. 1B) . However, the band pattern was quite different from those of classical and El Tor strains. The specificity of bands obtained in Southern hybridization experiments was further established by using the 0.6-kb PCR amplicon (derived from the classical strain, O395) as a tcpA probe (data not shown). It may be mentioned here that strain 10259 yielded an amplicon in the classical position with classical primers only but not in the multiplex PCR assay which was used in an earlier study (4) .
The unusual band pattern observed with strain 10259 and its failure to respond to multiplex PCR assay suggested alterations in its nucleotide sequence within and/or around the tcpA gene. Therefore, the nucleotide sequence of tcpA was determined by analyzing the tcpA amplicon (617 bp) generated from strain 10259 using the classical primer pair 5Ј-CACGATAAG AAAACCGGTCAAGAG-3Ј (sense) and 5Ј-ACCAAATGCA ACGCCGAATGGAGC-3Ј (antisense). Amplicons derived from three different PCRs were independently purified by a QIAquick gel extraction kit (Qiagen) and sequenced by an automated DNA sequenator (Applied Biosystems) using the end primers as well as two other internal primers of the following sequences: 5Ј-AATGCCGCTGGTAATAAAGC-3Ј (sense) and 5Ј-CAATGCAATAGCTGATTTC-3Ј (antisense). A comparison of nucleotide sequence data shows that 10259 tcpA shares about 74 and 72% identity with those of classical and El Tor biotype strains, respectively (Fig. 2) . Further, the single PstI site in this tcpA is shifted 12 bp downstream with respect to the PstI site of the classical strain. This data along with the band pattern in the Southern hybridization (Fig. 3) . However, some of the amino acid changes in 10259 TcpA appear to be conservative in nature compared with the corresponding TcpA sequence of either classical or El Tor biotype strains. This is also reflected in the overall similarity of the hydropathicity profile plots of the three variant proteins (data not shown). An interesting feature of the 10259 TcpA sequence is the existence of an alanine-rich hydrophobic region (e.g., residues 61 to 68) which is less pronounced in classical and El Tor TcpA proteins. A new type of tcpA sequence from two nontoxigenic non-O1/non-O139 V. cholerae strains, 151/208 (NAG), which differs significantly from those of classical and El Tor tcpA sequences has recently been published (17) . However, the 10259 tcpA gene differs considerably from the 151/208 (NAG) sequence, showing about 73% identity at the nucleotide level (Fig. 2) and 79% identity at the amino acid level (Fig. 3) . Thus, the 10259 tcpA gene appears to have diverged as much from 151/208 (NAG) tcpA as from both classical and El Tor tcpA genes. The variability in the predicted amino acid sequences of the four variants of TcpA is analyzed in Fig. 4 . All the variants show conservation of amino acids at their amino terminal ends as well as in certain other positions which are critically important for the mediation of the biological function(s) common to these molecules (24) . Analysis of data also reveals that the sequence variations are primarily located in the C-terminal half of the protein, more particularly within or around the disulfide loop formed by conserved cysteine residues at positions 120 and 186. Further, sequence variations among these proteins are more pronounced in certain regions (e.g., between amino acids 133 and 144 and 152 and 163) than in other regions. The variability is 100% at positions 138, 156, and 172. Interestingly, all four variants have conserved proline residues at positions 58, 87, 99, 132, 169 (except 10259 TcpA, which has a threonine), and 191. All these considerations would suggest the existence of at least four major variants of tcpA genes which probably evolved in parallel, though independently, from a common ancestral gene. The existence of highly conserved as well as hypervariable regions within the sequence of the TcpA protein would also predict that such evolution is under the control of considerable selection pressure.
Polyclonal as well as monoclonal antibodies raised against TCP from classical vibrios established a biotype-specific epitope difference in TcpA (7, 25) . Such epitopes are primarily located within or around the disulfide loop in the C-terminal half of TcpA which contain some of the variable regions described here (Fig. 4) . These regions were also shown to be immunodominant in nature and possess biotype-specific protective epitopes (8, 20, 25) . Interestingly, an antiserum raised against the TCP of classical strain O395, although it recognized the TcpA protein of strain 10259 in the immunoblotting experiment (data not shown), exhibited considerably less protection against 10259 challenge compared to that observed against the parent strain O395 in passive protection experiments (Table 2). All these data appear to suggest that the variability in the immunodominant C-terminal domains of TcpA leads to antigenic variation which may be significant enough to affect the level of cross-protection among strains carrying different variants of TcpA. Building up of a theoretical model of TcpA and the pilus fiber (accession numbers PDB ID 1QQZ and RCSB 001169) revealed that the majority of the hypervariable region residues are indeed located along the surface of the fiber, making these readily accessible to antibodies (R. Chattopadhyaya and A. C. Ghose, unpublished data). It may be mentioned that pili of Neisseria gonorrhoeae are known to undergo antigenic variation through genetic alterations of the hypervariable regions of its structural protein PilE, which allows the bacteria to escape recognition by the immune system of the host (14) . However, it is quite possible that variations in TcpA may have other functional significance as well, particularly in light of the recent report (10) that TcpA also acts as a coat protein of the bacteriophage VPI⌽, produced by vibrios containing VPI.
Nucleotide sequence data of tcpA from strains V2 and S7 and their comparison with that of the classical tcpA gene showed only three nucleotide changes (data not shown). On the other hand, the partial tcpA sequence (538 bp) of V315-1 was found to be closely similar to that of the El Tor strains, with changes only in five nucleotide positions (data not shown). These results suggest that non-O1 V. cholerae strains may possess the tcpA gene with diverse sequences. Thus, some of these may contain sequences almost identical to those of classical strains (e.g., V2 and S7), while others are identical to those of El Tor strains (e.g., O139) (5, 20) . Since O139 strains are likely to be evolved from an O1 El Tor strain, it would be tempting to speculate that strains V2 and S7 may have a classical origin. It may be mentioned here that strain S7, which shows similarity with V2 by belonging to the same serogroup, O37, and sharing other characteristics, was found to be closely related to O1 classical strains and caused a large cholera outbreak in Sudan in 1968 (1) .
A study (29) has shown that TcpA plays an important role in phage-mediated acquisition of the CTX genetic element in V. cholerae strains. Strain 10259, carrying the new variant of tcpA, contained ctxAB, zot, ace, and the RS element (which form the CTX genetic element), as well as the regulatory element toxR (4). The strain also colonized well in the suckling mouse model (22) and produced CT both in vitro and in vivo (3, 22) . Although we have yet to analyze the complete tcp gene cluster in the toxigenic non-O1/non-O139 strains harboring tcpA, the demonstration of the tcpA probe positive 5-kb fragments in the Southern hybridization experiment carried out with the XbaIdigested chromosomal DNA of all these strains (data not shown) would suggest the existence of such a cluster (26) , which is essential for TCP biosynthesis. a An antiserum was raised by immunization of a rabbit with whole cells of strain O395 grown under a TCP-expressing condition (in colonization factor antigen agar; pH 6.5; 25°C for 36 h). It was rendered specific for TCP by absorption with O395 whole cells (boiled) grown under TCP nonexpressing condition (in Tris-buffered medium; pH 7.2; 37°C for 18 h). Residual antilipopolysaccharide activity in the antiserum was removed by absorption with purified lipopolysaccharide of O395.
b Each mouse was challenged with about 10 times the 50% lethal dose of strains O395 (5 ϫ 10 7 CFU) or 10259 (2 ϫ 10 8 CFU) in 0.1 ml with or without the antiserum. c *, P Ͻ 0.01; **, 0.05 Ͻ P Ͻ 0.1; ***, P Ͼ 0.1; when compared against corresponding preimmune serum (Fisher's exact test).
d Six mice were included in each group, and the percent protection was determined as the number of survivors after 24 h of challenge over the number of mice challenged in each group.
